NiCuZn ferrite(Ba 0.7 Sr 0.3 )TiO 3 (BST) composite ceramics with the BST content of up to 50 vol % were fabricated by sintering compacted powder mixtures at 900°C. The granulation of the BST powder and addition of a Bi 2 O 3 -based oxide additive effectively assisted the densification of the composite samples. The samples thus fabricated showed required ¾ r values whereas their ® r values were considerably reduced, especially for those with lower BST contents. From the detailed examinations on the effect of the Bi 2 O 3 -based oxide additives and on the process modification to improve the reduced ® r values, the addition of a Bi 2 O 3 ZnO additive with the eutectic composition of as low as 1 wt % was enough to produce a densified 10 vol % BST composite sample with a highest ® r value. It was also found that the incorporation of ferrite granules calcined at 600°C caused further improvement of ® r . Thus, a densified 10BST composite sample with ® r = 125 was fabricated by low-temperature sintering at 900°C.
Introduction
Composite materials consisting of both the magnetic and dielectric (based on ferroelectric material) components have received a considerable attention in the research and development of electronic devices such as electromagnetic interference (EMI) filters and absorbers, integrated chip inductors and capacitors, and miniaturized antenna 1)5) or in the study on the magnetoelectric effect of two-phase multiferroics. 6)8) Typical oxide systems reported for the composites are the combinations of ferrite as magnetic phase and ferroelectrics like Pb(Ti, Zr)O 3 , BaTiO 3 , (Ba, Sr)TiO 3 or BiFeO 3 . In the fabrication of such oxide composites composed of compounds with chemically different natures, sintering of a compacted mixture of each compound at elevated temperatures often results in considerable changes in the magnetic and/or dielectric properties of the host compounds due to chemical reaction or ion substitution occurring during the heat-treatment.
3),9) For example, the present authors found that Ni 0.3 Zn 0.7 Fe 2 O 4 BaTiO 3 composites obtained at 1250°C showed substantially high values of dielectric permittivity in small BaTiO 3 contents.
3) This could be explained by the incorporation of a small amount of Ti 4+ into the spinel sublattice, resulting in the electron hopping between Fe 2+ and Fe
3+
. It was also revealed that the application of a modified processing by surface coating with less reactive ZrO 2 component on granulated BaTiO 3 particles effectively suppressed the cation substitution. 10) An alternating method to avoid or minimize such serious magnetic or dielectric property changes is to fabricate composite materials at a temperature as low as possible. Recently, to co-fire a composite material with a low-melting electrode such as Ag, which is required for the miniatualization and multi-functionalization of electronic devices based on LTCC (Low Temperature Co-fired Ceramics) technology, studies on the low-temperature firing of magnetic-dielectric composites (hereafter referred to as MD composites) have been conducted. 11)14) In these studies, composite samples containing NiCuZn ferrite as a magnetic phase were fabricated at 900°C (or lower temperature) with the presence of Bi 2 O 3 additive as a sintering aide. The incorporation of the Cu component into NiZn ferrite can decrease the densification temperature of the ferrite while maintaining excellent magnetic properties of high initial permeability and low coercivity. 15 ),16) Thus, NiCuZn ferrite was inevitably used in the low-temperature fabrication of MD composite materials. For the low-temperature-fired MD composite samples, their magnetic and/or dielectric properties can be basically adjusted by changing the compositions of the starting NiCuZn ferrite and/or dielectric or the mixing ratio of the corresponding ferrite and dielectric materials. In fact, NiCuZn ferrite-dielectric composites with various properties were successfully fabricated by a conventional fabrication procedure in which preformed powders of a NiCuZn ferrite and dielectric material were mechanically mixed to give mixtures with fixed ratios and then their powder compacts were sintered at around 900°C.
11)14)
As is well known, the magnetic or dielectric property of a ferrite or ferroelectric material can be greatly affected by the resulting microstructure (porosity, grain size and size distribution, or inclusions on grain boundaries) of a sintered sample. For example, ferrite materials showed strong dependences of the initial relative permeability (® r ) on grain size and porosity. 17) Similar sensitivities to the resulting microstructure of sintered samples were also observed for the relative permittivity (¾ r ) of ferroelectric materials. 18) This is the case for the low-temperaturefired NiCuZn ferrite-dielectric composites, but there are few reports on the fabrication and property control of such composites based on a view point of ceramic processing. In the composites, it was commonly observed that an increasing amount of a dielectric component necessarily resulted in a substantial decrease in the sintered density with a simultaneous reduction of ® r and ¾ r values, because the dielectric component involved in these composites can be hardly densified without sintering aide at as low temperature as 900°C. Thus, besides the addition of a sintering aide, some modified process should be applied to lower the negative contribution induced by the dielectric component and to produce NiCuZn ferrite-dielectric composites with desired properties. In this study, an attempt to use a granulated and calcined component has been made in the low-temperature fabrication of NiCuZn ferrite-dielectric composites in order to minimize such a negative contribution and to elucidate the effect of the new fabrication process on the resulting magnetic and dielectric properties of the composites. A composite material on which the present authors had focused was NiCuZn ferrite (Ba 0.7 Sr 0.3 )TiO 3 composites (NCZ-BST composites) for the application of EM noise filters with specified cut-off frequency characteristics. The cut-off frequency in a noise filter can be adjusted by controlling the capacitance and inductance values of each component in the composite. Therefore, it is important to examine the effect of processing on the magnetic and/or dielectric properties of such composites and to develop a new fabrication method leading to property control. Commercially available powders of BaTiO 3 and SrTiO 3 (Sakai Chemical Industry Co. Ltd., Japan) with their particle sizes of 0.3¯m were mixed in a plastic container using a distilled water containing fixed amounts of a dispersant and a binder for 24 h to prepare a slurry of a mixture with a composition of Ba/Sr = 7/3. After dried, the oxide mixture was calcined at 1200°C for 4 h to form a (Ba 0.7 Sr 0.3 )TiO 3 powder (BST powder) and then pulverized by wet ball milling for the production of a fine BST powder with an average size of ³0.7¯m. The fine BST powder thus prepared is named as F-BST powder. The granulation of the BST powder was conducted by spray-drying the slurry of the mixed BST powder under the conditions of 160°C, 80°C and 10 ml min
¹1
, for inlet temperature, outlet one and feed rate, respectively. The spray-dried BST powder with a maximum size of ³10¯m was then heated at 1200°C to form a granulated BST powder (G-BST).
Fabrication and characterization of composite samples
A NiCuZn ferrite powder (Toda Kogyo Co. Japan) from which densified ferrite samples can be obtained by sintering at 900°C without any sintering aid was used as a ferrite source. The composition of the ferrite powder was evaluated by X-ray fluolecence (XRF) analysis to be Ni 0.25 Cu 0.18 Zn 0.42 Fe 2.14 O 4.0+ö . Fixed amounts of the ferrite and F-BST or G-BST powders were weighed to become a BST content of 1050 vol % and poured into a plastic container with YSZ (yttria stabilized zirconia) balls, to which a required amount of a sintering aid was also added. Sintering aid used in this study was a Bi 2 O 3 -based oxide or oxide mixture in the system Bi 2 O 3 ZnO or Bi 2 O 3 CuO, for each of which the corresponding oxide powders were mixed to be a eutectic composition of Bi 2 O 3 :ZnO = 88:12 19) or Bi 2 O 3 CnO = 93:7 20) (mol %) and calcined at 700°C. The reason why these compositions were selected was that a liquid phase to be formed during sintering (at ³750°C or ³770°C for each system) will be able to assist effectively the densification of composite samples at a lower temperature than the Bi 2 O 3 additive melting at ³830°C. An additive in the Bi 2 O 3 ZnO or Bi 2 O 3 CuO system, which was used in this study, is called as the BZ or BC additive, respectively.
After the powders of ferrite, BST and sintering aid were thoroughly mixed in a wet state and dried, the mixtures were formed into disks and toroids by uniaxial and/or cold isostatic pressing. Samples sintered at a fixed temperature (800900°C) for 4 h were characterized by density measurement (Archimedes method), powder X-ray diffractometry (XRD: Rigaku Co., Rint 2200), microstructure observation with Scanning Electron Microscope (SEM: JEOL Ltd., JSM-6300F), and element analysis with Energy Dispersive X-ray Spectrometer (EDS: JEOL Ltd., JSM-6390LVS). Dielectric permittivity (¾ r ) and magnetic permeability (® r ) were measured with an impedance analyzer (Agilent 4285A) and a RF material analyzer (Agilent E4991A), respectively. When the granulation of ferrite powder was required, ferrite granules were prepared by applying the same spray-drying method as that used for the granulated BST powder.
Results and discussion

Fabrication of composite samples using BST granules
In the low-temperature fabrication of composite materials consisting of NiCuZn ferrite and BST components, an increasing content of the BST component that can be hardly sintered at 900°C caused inevitably a substantial lowering of sintered density of the composite, i.e., considerably suppressed magnetic and dielectric properties, if no sintering aid was added. Then we first examined two factors affecting the densification of composite sample containing 50 vol % BST (50BST composite). They were (1) the particle size of the BST component and (2) the amount of the BZ additive. Figure 1 shows sintered density changes of composites fabricated from different BST powders and a 100% BST sample as a function of the BZ amount after sintering at 900°C. It should be noted that the addition of the BZ additive promoted effectively the densification of composite samples, whereas little densification occurred for the 100BST samples. For 50BST composite samples, an F-BST powder [shown in Fig samples fabricated from G-BST showed higher values of relative density than those from F-BST at any BZ amount, although density difference between both samples tended to become small with an increasing amount of the BZ additive.
Let us consider the cause(s) of different densification properties based on the mixtures rule and percolation theory in the sintering of composite. In the present composite system, the rule of mixtures assuming that each phase constituting the composite densifies in the same way as it would independently by itself 21) cannot be adopted because a BST powder, even if it is very fine, can be hardly densified by itself at 900°C. Instead of the rule of mixtures, it is possible to consider BST particles as rigid inclusions and to apply the concept of percolation in which the formation of a continuous network of inclusions plays an important role for sintering. 22) According to this concept, as the volume fraction of inclusions increases a large number of the inclusions form enough inclusion-inclusion contacts to produce a continuous network throughout the sample. If the continuous network of the inclusions is rigid, then the stiffness of the composite structure correspondingly increased, leading to the retardation of the sintering rate. Therefore, for the 50BST composite fabricated from pulverized F-BST particles in this study, a number of rigid F-BST particles present in the composite sample form percolating networks in some regions to suppress the densification of the composite. On the contrary, the reduced number of the G-BST particles (A simple calculation indicated that the number of the G-BST particles required to occupy a fixed volume of 50% BST is smaller by three orders of magnitude than that of the F-BST ones.) inhibit effectively the formation of a continuous network of the G-BST inclusions. This is why much densified composite samples were fabricated when using the granulated BST powder. Figure 3 reveals the effect of the BZ additive on the densification and ¾ r of the 20BST and 50BST composites (The density change of the 50BST sample was re-demonstrated here for clear comparison.). For the 50BST samples, an increase in the BZ amount, which gave rise to an acceleration of the sample densification, caused a simultaneous increase in ¾ r . On the contrary, 20BST composite samples showed a different behavior. That is, both the density and ¾ r values reached maxima at 3 wt % BZ, followed by no further increase. These results indicated that the optimum amount of the BZ additive to produce densified composites with maximum ¾ r values was found to be 3 and 10wt % for the 20BST and 50BST composites, respectively. Thus, the amount of the BZ additive was adjusted to be 3, 6 and 10 wt % corresponding to an increasing BST content from 10 to 50 vol %.
Powder compacts of composites containing different contents of the G-BST powder and optimum amounts of the BZ additive were sintered at 900°C for 4 h. Its relative density (RD) change is plotted against BST content in Fig. 4(A) where that of composite samples obtained from the F-BST powder with no-additive is also demonstrated. As the BST content increased, the RD values inevitably became lowered, especially for no-additive samples. However, it is obvious that the composite samples to which the optimum amount of the BZ additive was added showed a considerable increase in RD for each sample with different BST contents. The corresponding changes in ¾ r and ® r of the sintered composites depicted in Fig. 4(A) can be seen in Fig. 4(B) . Compared to ¾ r values of samples fabricated using the F-BST powder and no additive, those of highly densified composites became very high, which corresponded with those calculated from a useful rule proposed by K. Lichtenecker for mixed phases. 23) These high values are considered to come from the incorporation of the granulated BST powder instead of the fine one. Concerning a ® r change with BST content in Fig. 4(B) , however, the same densified composites showed lower ® r values than those of calculated ones (a dotted line in the figure which is based on Lichtenecker equation 24) The grain size of the sintered samples increased for a sample with 0.25 wt % Bi 2 O 3 and a homogeneous coarse-grained microstructure was observed for that with >0.5 wt % Bi 2 O 3 . The corresponding ® r change was characterized by an increase for small Bi 2 O 3 additions and a decrease for >0.5%. Although the authors demonstrated basic concepts of the relation between ® r and grain size, there was no explanation for the reduced ® r . In a study conducted by S.-F. Wang et al., the addition of 1.5 wt % Bi 2 O 3 to a commercial ferrite of Ni 0.38 Cu 0.12 Zn 0.50 Fe 2 O 4 prepared by solid-state reaction benefited the densification and ® r but deteriorated the quality factor of ferrite samples sintered in a range of 8501050°C. 25) Thus, the effect of Bi 2 O 3 addition on the magnetic properties of ferrite could be different from system to system, especially depending on the composition of ferrite, the morphology and size of a starting ferrite powder as well as sintering conditions. Therefore, the examination on the effect of Bi 2 O 3 -based additive(s) used in this study on ® r of sintered ferrite samples is required to elucidate the cause(s) of the considerable reduction of ® r shown in Fig. 4(B) .
Examination of the effect of Bi 2 O 3 -based additives on low-temperature sintering of NiCuZn ferrite
In the previous section, the addition of the BZ additive was found to be necessarily required to fabricate the densified NiCuZn ferriteBST composite samples at 900°C. However, the additive showed opposing effects on their magnetic and dielectric properties of the sintered composites, i.e., a remarkable decrease in ® r against a substantial increase in ¾ r . It was also found that the BZ addition resulted in little effect on the densification of the 100BST sample (Fig. 1) , suggesting that the BZ additive preferentially reacted with the ferrite component of the composites during sintering. Then, we examined in this section the effects of Bi 2 O 3 -based oxide additives on the densification and ® r change of the NiCuZn ferrite samples sintered at lower temperatures ranging from 800 to 900°C. Figure 5 shows changes of (A) bulk density and (B) ® r of NiCuZn ferrite samples with the addition of (a) 6 wt % BZ or (b) 6 wt % BC, the latter of which corresponds to a eutectic composition in the Bi 2 O 3 CuO system and melts at ³770°C, and (c) without an additive as a function of sintering temperature. The amount of the additives was selected because the reaction product(s) could be readily detected at such a higher concentration level. Compared to no-additive samples, densification was considerably promoted by the BZ or BC addition at 800 and 850°C while slight increases were observed for ® r of the sintered samples. At 900°C, it was clear that there was no benefit of using the BZ or BC additive for the promotion of sintered density of ferrite. Besides, a surprisingly drastic change was observed in ® r of 900°C-sintered samples. A larger ® r value of the no-additive ferrite sample was remarkably reduced when the BZ or BC additive was used. SEM observation of ferrite samples obtained at 850°C revealed that the grain size of the no-additive ferrite sample [ Fig. 6(A) ] were very small, whereas the BZ-6-added sample [ Fig. 6(C) ] consisted of largely grown grains in some portion, indicating that the addition of BZ-6 (or BC-6) accelerated in some degree both the densification and the grain growth of ferrite at 850°C. After sintering at 900°C, however, substantial grain growth occurred for the no-additive ferrite with a simultaneous and remarkable increase in ® r . The microstructure of the sample [ Fig. 6(B) ] indicated the occurrence of transgranular fracture among ferrite grains, which is often observed in coarse-grained ceramics. 26) On the contrary, the ferrite sample with the BZ-6 additive showed a different fractured surface [ Fig. 6(D) ] formed by intergranular fracture which may often occur due to grain boundary phases. 26) This result indicated that the fabrication of a ferrite sample consisting of largely grown grains which were bounded tightly was essential and necessarily required to attain a high ® r value.
In the present composite system including the BZ or BC additive, a liquid phase formed during sintering could give rise to some essential change leading to a considerably reduced ® r . So, to obtain information on a different possible cause other than grain size effect, the reaction product(s) and compositional change after sintering were examined. XRD patterns of ferrite samples fabricated are shown in Fig. 7 . The appearance of much broadened peaks at around 2ª = 28°indicated the formation of some secondary phases during sintering. They could be identified with Bi 24 Fe 2 O 39 (marked with in Fig. 7 ) and Bi 38 (Zn, Ni. Cu)O 58 (©) for samples sintered at 800°C, while a somewhat different compound ( ) whose composition was assumed to be Bi 1.15 Fe 1.0 (Ni, Cu, Zn) 0.35 O 3.58 by EDS analysis was detected for 900°C-sintered samples. This result indicated that a liquid phase originated from the BZ or BC additive reacted with ferrite to form some non-magnetic compounds at grain boundaries, which was confirmed by a compositional image in backscattered electron (BSE) mode shown in Fig. 8 . A diffraction peak of the ferrite phase at 2ª µ 30°in Fig. 7 was found to be more or less shifted to a higher diffraction angle in each sample sintered with the BZ or BC additive, suggesting a change of the composition of the ferrite phase involved. Then, elemental analysis with EDS was carried out for ferrite grains in samples sintered at 900°C. The results are given in Table 1 , indicating that the addition of the BZ or BC sintering aid resulted in both a decrease in the Fe content and an increase in the Ni/Zn ratio in each ferrite composition. Concerning the relationship between ® r and ferrite composition in NiZn and NiCuZn ferrites, it is known that the ® r value of a ferrite sample decreases with an increasing Ni/Zn ratio, 27) whereas it increases with an increasing Fe content. 15) As shown in Table 1 , each ferrite sample fabricated using the BZ or BC additive was found to consist of the ferrite phase with a composition of a higher Ni/Zn ratio and a lower Fe content than those of the starting ferrite sample without an additive. Such a compositional change of the ferrite phase strongly affected the resulting ® r values of the sintered ferrite samples. Therefore, a considerable reduction of ® r observed for the BZ-6 and BC-6 samples could be explained by the compositional change of the ferrite phase involved and the formation of non-magnetic phases in addition to the inhibited growth of ferrite grains. 
Modified processing to improve the reduced ® r of 10BST composite
Although the addition of a larger amount of the BZ or BC additive was found to cause a considerably reduced ® r for ferrite samples, it was also recognized that densified composite samples, particularly those with higher BST contents, could not be fabricated without the assistance of such additives. In this section, we focused on the composite sample with a lower BST content, i.e., 10BST composite, and tried to find out a better processing to fabricate 10BST composites with improved or controlled ® r . At first, an optimum amount of the BZ additive, which was selected because little difference was observed between the roles of the BZ and BC additives, was re-examined for the 10BST composite. Figure 9 illustrates changes in relative density and ® r with the amount of the BZ additive for the 10BST samples sintered at 900°C. It is clearly seen that the addition of the BZ additive of as low as 1 wt % was enough to obtain a densified sample with a highest ® r value. It is also surprising that it decreased rapidly with an increase in the BZ amount while no reduction was observed for relative density. Figure 10 shows SEM images of 10BST composites fabricated with the addition of (A) 1 wt % and (B) 5 wt % BZ (referred to as BZ-1 and BZ-5, respectively), where a porous BST granule is surrounded by ferrite grains in each sample. It can be also demonstrated that the size of the ferrite grains changed correspondingly with the amount of the BZ additive and the BZ-1 composite consisted of larger ferrite grains than the BZ-5 composite. Thus the addition of larger amounts of the BZ additive necessarily resulted in the inhibited growth of ferrite grains, which is one of the major causes leading to the reduction of ® r .
As a second approach to minimize the reduction of ® r , we attempted to incorporate granulated ferrite powders, referred to as G-ferrites, as one of the composite components because the Gferrites were expected to play a role similar to largely grown ferrite grains which could contribute to the improvement of ® r for the present composite sample. The G-ferrites which were prepared by the same spray-drying method as that employed to obtain the granulated BST powders and successively calcined at 600°and 800°C for 4 h are hereafter called as G-6 and G-8 ferrite powders, respectively. Powder compacts consisting of a ferrite mixture (a fixed ratio of the G-ferrite and the starting fine ferrite (F-ferrite) powders) and 10 vol % BST granules, to which 1 wt % BZ was added, were then sintered at 900°C for 4 h. Density and ® r changes of those 10BST composite samples fabricated from several ferrite mixtures with different G-ferrite contents are shown in Fig. 11 as a function of G-ferrite content, where, for example, a composite sample with a G-ferrite content of 20 vol % was composed of 70 vol % of F-ferrite and 20 vol % of G-ferrite powders, and 10 vol % of BST granules. For a density change of the composite samples fabricated using the G-8 ferrite powder, the relative density decreased with an increase in G-ferrite content. This can be explained by a less sinterable character of the G-8 ferrite powder because of a small difference between calcination (800°C) and sintering (900°C) temperatures. Their ® r values decreased correspondingly with the decreasing density. On the other hand, composite samples fabricated using the G-6 ferrite powder showed nearly the same density values irrespective of G-ferrite content, revealing that the G-6 ferrite powder would have a sintering characteristic similar to that of the F-ferrite powder. These considerations were supported by comparative microstructure observation of ferrite samples which consisted of 10 vol % F-ferrite and 90 vol % G-6 or G-8 ferrite powders and were sintered at 900°C for a shorter duration of 0 h (cooling just after reaching at 900°C). The reason why ferrite samples without the BST component were selected was to eliminate microstructure unclearness due to the presence of BST granules. As clearly shown in Fig. 12 , the sample fabricated using the G-8 ferrite powder was characterized by the presence of loosely connected granules [ Fig. 12(B) ], whereas that fabricated using the G-6 ferrite powder demonstrated considerably different microstructure [ Fig. 12(A) ]. In addition to the different sintering behavior, it should be noted that their ® r values tended to increase with an increasing content of the G-6 ferrite powder.
In the previous section, we have mentioned that (1) the limited growth of ferrite grains, (2) the formation of non-magnetic secondary phases, or (3) a change in ferrite composition could reduce, independently or synergetically, the ® r values of the present composite samples. Since such reduction of the ® r values are essentially associated with a liquid phase formed during sintering, an amount of the liquid phase should be minimized and the regional extent over which the liquid phase can contribute to above changes should be also minimized to improve the resulting ® r values. Therefore, improved ® r values observed in 10BST composite samples fabricated by incorporating G-6 ferrite powders might be due to the limited extension of the liquid phase into ferrite granules. Thus, the ® r value of 10BST composite sample increased from ® r = 112 for that fabricated from only fine ferrite powder to ® r = 125 for that fabricated using ferrite granules calcined at 600°C. This result suggested that the incorporation of ferrite granules combined with the optimization of process conditions could further improve ® r values of the composite samples fabricated at a low-temperature sintering of 900°C.
Conclusions
NiCuZn ferrite(Ba 0.7 Sr 0.3 )TiO 3 (BST) composite ceramics with a BST content of up to 50 vol % were fabricated by sintering powder mixtures of each component at 900°C. The densification of the composite samples was improved as a combined result of using BST granules instead of a pulverized BST powder and adding an optimum amount of a low-temperature melting Bi 2 O 3 -based oxide additive. Composite samples thus fabricated showed calculated ¾ r values whereas their ® r values were considerably reduced from calculated ones, particularly, for those with lower BST contents. From a detailed examination of the effect of Bi 2 O 3 -based oxide additives on the densification and ® r of NiCuZn ferrite samples, the reduction of ® r could be attributed to the formation of non-magnetic second phases and the compositional change of the ferrite phase in addition to the inhibited growth of ferrite grains, which were due to the reaction between ferrite and the additive during sintering.
Process modification was performed to improve the reduced ® r values for the 10BST composite sample. It was found that the addition of Bi 2 O 3 ZnO additive with the eutectic composition of as low as 1 wt % was enough to obtain a densified sample with a highest ® r value. An attempt to incorporate granulated ferrite powders into the present 10BST composite system was also made in order to minimize the reduction of ® r . The incorporation of ferrite granules calcined at 600°C (G-6 ferrite) resulted in the production of highly densified 10BST composite samples with improved ® r values. The improvement of ® r could be attributed to the lowering of the regional extent over which a liquid phase formed during sintering can contribute to the changes leading to the reduction of ® r . Thus, a densified 10BST composite sample with ® r = 125 was fabricated by sintering compacted powder mixtures of G-6 and fine ferrites at 900°C. Fig. 11 . Effect of G-ferrite content on relative density and ® r changes of 10BST composite samples. 
